Introduction: Invasion of exotic plant species is a well-known threat to native ecosystems since it directly affects native plant communities by altering their composition and diversity. Moreover, exotic plant species displace native species through competition, changes in ecosystem processes, or allelopathic effects. Senna obtusifolia (L.) invasion has affected the growth and productivity of herbaceous vegetation in semi-arid regions of northern Ethiopia. Here, we investigated the species composition, species diversity, aboveground biomass, and basal cover of herbaceous vegetation, as well as soil properties of rangelands along three S. obtusifolia invasion levels. Methods: Herbaceous vegetation and soil properties were studied at two locations, Kafta Humera and Tsegede districts, in the western Tigray region of northern Ethiopia under three levels of S. obtusifolia invasion, i.e., non-invaded, lightly invaded, and heavily invaded. Herbaceous plant species composition and their abundance were assessed using a 1-m 2 quadrat during the flowering stage of most herbaceous species from mid-August to September 2015. Native species were classified into different functional groups and palatability classes, which can be useful in understanding mechanisms underlying the differential responses of native plants to invasion. The percentage of basal cover for S. obtusifolia and native species and that of bare ground were estimated in each quadrat. Similar to sampling of the herbaceous species, soil samples at a depth of 0-20 cm were taken for analyzing soil physical and chemical properties. Results: Highly palatable grasses and legumes based on the frequency of occurrence were 1.9 and 3.8 times higher in non-invaded sites than in lightly and heavily invaded sites, respectively. Furthermore, unpalatable plant species were 4.0 times higher in the heavily invaded sites than in the lightly invaded sites. Aboveground biomass, basal cover, and species diversity of the herbaceous vegetation were significantly (P < 0.01) lower in the heavily invaded sites compared to the non-invaded sites. However, most soil properties were not affected by S. obtusifolia invasion compared with non-invaded sites in our study. Conclusions: Our findings contribute towards better understanding of how S. obtusifolia invasion affects the community structure and composition of native herbaceous vegetation in semi-arid rangelands in northern Ethiopia. Further long-term studies are required to understand the mechanisms of how S. obtusifolia invasion influences soil properties for better control and eradication of its invasion in the semi-arid rangelands of northern Ethiopia.
Introduction
Most rangelands around the world are partly dominated by "novel" or "emerging" ecosystems (Bridgewater et al. 2011) . These novel ecosystems contain a combination of new plant species arising as a result of direct or indirect human interferences (Hobbs et al. 2006 ). According to Milton et al. (2007) , novel ecosystems are generally created as a result of management-induced changes in native plant communities, which enable an opportunity for the invasion and/or the increase in the density of alien or exotic plant species. Many plant species have been introduced intentionally to rangeland ecosystems for various purposes. Certainly, intentional introduction of plant species may be useful in some circumstances, whereas these introduced species could create unexpected consequences and damage to the native plant communities. However, the likelihood of novel ecosystems introduced in various rangeland ecosystems increases as a result of globalization, land use and climate changes, and nitrogen deposition (Belnap et al. 2012) .
Invasion of exotic (non-native) plant species causes a serious threat to the management and conservation of biodiversity worldwide (Grice 2006) . Invasion of non-native plant species is one of the most important threats to native ecosystems (Mack et al. 2000) since it directly affects native plant communities by altering the composition and diversity (Wardle et al. 2011) . Moreover, non-native plant species displace native species through competition, changes in ecosystem processes, or allelopathic effects (Levine et al. 2003) and have negative impacts on native species through reducing germination, growth, survival, and reproduction (Dorning and Cipollini 2006) . Subsequently, less palatable and unpalatable as well as invasive tolerant annual species increase in population and become dominant in semi-arid rangelands (Solomon et al. 2007; Tessema et al. 2011 ). According to Solomon (2015) , a higher-proportion composition of unpalatable forbs and a lower-proportion composition of palatable herbaceous plant species in sites heavily invaded by Senna obtusifolia (L.) may indicate the severe competitive effect of S. obtusifolia on rangeland ecosystems. This leads to the disappearance of annual and perennial grasses used as major feed resources (Zimmerman et al. 2010; Tessema et al. 2011) , which is a serious challenge in arid and semi-arid rangelands (Vetter 2005; Kassahun et al. 2008; Boufennara et al. 2012 ). More importantly, livestock herders in the western Tigray region of Ethiopia are currently facing a decline in forage quality due to the loss of palatable species and lack of adequate forage for their livestock during dry seasons as a result of S. obtusifolia invasion (Teame et al. 2014; Solomon 2015) .
Senna obtusifolia is commonly called as a sickle pod and is an erect and bushy annual or short-lived perennial, non-nodulating weed in the family Fabaceae (Tungate et al. 2002) , growing to a height of 1.5-2.5 m (Holm et al. 1997) . It is native to tropical South America but has become widespread throughout the tropics and subtropics (Teem et al. 1980) . Senna obtusifolia is an aggressive invader of rangelands and can completely outcompete palatable grass species and eradicate the growth of pasture species, leading to the exclusion of livestock in semi-arid rangelands (Randell 1995) through reducing carrying capacities of rangelands by as much as 85% (Mackey et al. 1997) . For instance, S. obtusifolia was reported as a primary weed of pastures in Australia, where it reduces available grazing areas and competes with pasture species for light, nutrients, and water (Mackey et al. 1997) . In areas favorable for its growth, S. obtusifolia is capable of excluding all native species and forming dense mono-specific stands and consequently causing significant ecological changes (Mackey et al. 1997; Tye et al. 2003) .
However, edaphic and environmental conditions could facilitate the reproductive success of S. obtusifolia during its life cycle, leading to its prolific and widespread nature in diverse ecosystems (Tungate et al. 2002) . Moreover, disturbed environments may better facilitate S. obtusifolia invasion compared to undisturbed habitats (Dunlop et al. 2006; Solomon and Yayneshet 2014) , suggesting that S. obtusifolia reproduction and offspring competitiveness can be strongly influenced by soil fertility (Tungate et al. 2002) . Although previous studies have reported the effects of S. obtusifolia on herbaceous vegetation and soils in some parts of the world (Mackey et al. 1997; Tye et al. 2003; Dorning and Cipollini 2006; Awodoyin and Ogunyemi 2008) , information on the effects of S. obtusifolia on native herbaceous vegetation and soil characteristics along an invasion gradient in semi-arid rangelands of northern Ethiopia is lacking, where transhumant pastoralism is a typical feature. Therefore, we studied the effects of S. obtusifolia invasion on herbaceous plant species composition, species diversity, basal cover, and biomass, as well as soil physical and chemical properties of rangelands in the western Tigray region of Ethiopia. In this study, we tested the following hypotheses that S. obtusifolia invasion (i) reduces the herbaceous plant species diversity and their plant abundance, (ii) reduces basal cover and aboveground biomass of palatable herbaceous plant species, and (iii) increases soil fertility of the rangelands.
Methods

Description of the study areas
This study was conducted in Kafta Humera and Tsegede districts in western Tigray region, northern Ethiopia ( Fig. 1) , 991 km away from Addis Ababa, the capital of Ethiopia, to the north direction (ZOIC 2015) . The average annual rainfall of Kafta Humera and Tsegede were 572 and 638 mm, respectively. The elevations of Kafta Humera and Tsegede range from 681 to 784 m asl and from 726 to 806 m asl, respectively (ZOIC 2015) . The dominant soil type in the study area is vertisol (EARO 2002) .
Selection of sampling plots
Purposive sampling procedure was followed to select two locations, Kafta Humera and Tsegede districts, in the western Tigray region of northern Ethiopia, based on the levels of S. obtusifolia invasion on the rangelands. Prior to the actual site selection and field work, observation was made using reconnaissance field trips throughout the two districts to assess the general overview of the invasion and distribution of S. obtusifolia. After that, a stratified sampling procedure was employed to group the rangelands in both locations into three invasion levels: non-invaded sites with 0% species composition of S. obtusifolia, lightly invaded sites with 20-50% species composition of S. obtusifolia, and heavily invaded sites with > 50% species composition of S. obtusifolia. According to Richardson et al. (2000) , greater than 50% of S. obtusifolia invasion on native rangelands is categorized as ecologically harmful. Finally, in each invasion level of both locations, four plots were selected using a random sampling procedure. The study was conducted during the main rainy season, from the beginning of May 2015 for plot selection until the end of October 2015 for vegetation and soil data collection.
Sampling of herbaceous vegetation
For all sampling plots, the herbaceous plant species composition and their abundance were assessed using a 1-m 2 quadrat during the flowering stage of most herbaceous plant species between mid-August and September 2015. Nine quadrats were taken from each site (10 m × 10 m), yielding a total of 216 quadrats (two locations × three invasion levels × four plots × nine quadrats) (Fig. 2) . Species composition of the herbaceous plants at each plot was determined using a quadrat count method (t'Mannetje and Jones 2000). Each herbaceous species was identified and recorded in the field. For some plant species that were difficult to identify in the field, their local names were recorded and herbarium specimens were collected, pressed and dried properly, and transported to the Herbarium at the Mekelle University of Ethiopia, for further identification.
The herbaceous species within each quadrat was classified into grasses (annual and perennial), legumes, and forbs (neither grasses nor legumes) to determine the (ILCA 1990) . Individual plants of each species were counted in each quadrat to determine its absolute abundance. Herbaceous species were categorized into four palatability classes, as highly palatable, palatable, less palatable, and unpalatable based on the opinion of livestock herders and according to Tainton (1981) . The percentage of basal cover of S. obtusifolia and other herbaceous plant species and that of bare ground were estimated visually in each quadrat. The aboveground biomass of herbaceous vegetation was determined by harvesting S. obtusifolia and other herbaceous species at the ground level (2 cm near to the ground) using a hand-operated sickle. Immediately after harvesting, the whole fresh weight of plant species within each quadrat was weighed. After that, S. obtusifolia and other herbaceous species were separated, and subsamples were obtained to determine the dry matter of each component by oven-drying at 105°C for 24 h (ILCA 1990).
Soil sampling and analyses
Similar to sampling of the herbaceous layer, nine soil samples (one per 1-m 2 quadrat) at a depth of 0-20 cm were taken using a soil auger for analyzing soil physical and chemical properties, yielding a total of 216 samples (two locations × three invasion levels × four plots × nine quadrats). Soil samples from the same plot were mixed together to form one composite soil sample per plot, yielding a total of 24 soil samples (two locations × three invasion levels × four plots). The soil samples were properly air-dried and grinded using a mortar and pestle to pass through a 2-mm sieve to eliminate debris and gravel. Finally, each of the 24 composite soil samples was divided into three equal parts, out of which one was used for the soil analyses. For determination of soil bulk density, one sample per sampling site in a 100-cm 3 soil core was taken using 50-mm-wide metallic rings hammered into the top soil and weighed its fresh weight. Before taking the core sample, 24 cans (core samplers) were weighed and labeled for each plot.
The soil samples were analyzed for texture (sand, silt, and clay proportions), soil organic matter (SOM), organic carbon (OC), pH, bulk density, electrical conductivity (EC), cation exchangeable capacity (CEC), total nitrogen (TN), available phosphorous (P), available potassium (K), and exchangeable bases (K, Ca, Mg, and Na). The pH and texture of the soil were analyzed in 1:2.5 soil-to-water ratio suspensions using the Bouyoucos hydrometer method (Bouyoucos 1962) . Electrical conductivity was determined using the sodium saturation ratio (Van Reeuwijk 1992) . Soil OC concentration was determined according to the Walkley and Black (1934) method, and soil OM concentration was calculated by multiplying the OC concentration by a factor of 1.724 (Brady 1990 ). The concentration of TN was determined using the Kjeldahl method (Jackson 1970) . Available P and exchangeable K, Ca, and Na were analyzed according to Olsen et al. (1954) . CEC was analyzed using an ammonium acetate method (Van Reeuwijk 1992).
Data analyses
Herbaceous species diversity was computed using the Shannon diversity index (H) according to Krebs (1999) . The number of species (species richness) of the herbaceous vegetation was determined by counting all species within the (1-m 2 ) quadrat. Species evenness (E) was derived from the ratio of the observed diversity (H) to the maximum possible value of H (if every species was equally likely, H max ). The similarity of plant species between invasion level and location was analyzed using the Jaccard similarity index (Maguran 2004) . Herbaceous species richness, evenness, species diversity, and similarity indices were calculated using PAST (Paleontological Statistics) software, version 3.04 (Hammer et al. 2001) . To test for differences in all data recorded, a generalized linear model (GLM) was applied with location, invasion level, and their interactions, as independent factors, and sampling plots, as a random factor, using SAS software (SAS 2002) . The Tukey HSD test was employed to investigate a significant difference between means at P ≤ 0.05. Proportional data were arcsine transformed to meet the assumptions of normality and homogeneity of variance. The biomass of S. obtusifolia and other herbaceous species was computed separately and was reported in tons per hectare on a dry mass basis (t ha −1 ). Fig. 2 Diagram illustrating quadrat position in a 10 m × 10 m sampling site for recording data on species composition, species richness, basal cover, biomass yield, and soil properties under three S. obtusifolia invasion levels (non-invaded, lightly invaded, and heavily invaded) at two locations in northern Ethiopia
Results
Herbaceous plant species composition, palatability, and functional groups There were a total of 23 identified herbaceous plant species with the number of grasses, legumes, and forbs being 7 (30.4%), 6 (26.1%), and 10 (43.5%), respectively (Table 1) . Among the identified herbaceous species, Brachiaria lata was the common highly palatable annual grass in both locations. Annual species were dominant in all invasion levels ( Table 1 ). The proportions of highly palatable and palatable herbaceous species were significantly (P < 0.05) higher in the non-invaded sites in both locations, while that of un-palatable herbaceous plant species was significantly (P < 0.05) higher in the heavily invaded sites of both locations (Fig. 3) . The proportion of less palatable herbaceous species was lower in the heavily invaded and non-invaded sites at Kafta Humera and Tsegede, respectively (Fig. 3) . Similarly, the proportion of grass and legume species was significantly (P < 0.05) higher in the non-invaded sites than in the lightly and heavily invaded sites in both locations (Fig. 4) .
Biomass and basal and bare ground covers
Invasion level had a significant (P < 0.01) effect on the aboveground biomass and basal cover of herbaceous species and on the bare ground cover in both locations (Figs. 5 and 6 ). The non-invaded sites had a higher aboveground biomass and basal cover of other herbaceous species than the heavily invaded sites (Figs. 5 and 6 ). In contrast, the biomass and basal cover of S. obtusifolia were significantly (P < 0.01) higher in the heavily invaded sites compared to those in the non-invaded and lightly invaded sites ( Table 2 ). The interaction between invasion level and location had a significant (P < 0.01) effect on the biomass of S. obtusifolia. However, the percentages of biomass and basal and bare ground covers of other herbaceous species were not influenced (P > 0.05) by the interaction of invasion level with location (Table 2) .
Herbaceous plant species diversity and similarity
Species evenness, Shannon diversity index, species richness, and dominance of other herbaceous plant species varied significantly (P < 0.05) along invasion levels (Tables 2, 3 , and 4). The lowest herbaceous species richness was recorded in the heavily invaded sites in both locations. The Shannon diversity index of herbaceous species was also significantly (P < 0.05) higher in the non-invaded and lightly invaded sites at Kafta Humera with values of 2.428 and 2.281, respectively, whereas the lowest Shannon diversity index of herbaceous species was recorded in the heavily invaded sites of Kafta Humera and Tsegede, with values of 1.237 and 1.509, respectively (Table 3) . The herbaceous plant species was evenly (P < 0.05) distributed in the non-invaded (0.667) and lightly invaded (0.5149) sites in Kafta Humera than in the non-invaded (0.4594) and lightly invaded (0.3737) sites in Tsegede. The poor herbaceous plant species distribution was recorded in the heavily invaded sites in both locations (Table 3 ). The dominance of few herbaceous plant species was recorded in the heavily invaded sites of Kafta Humera (0.5005) compared with those of Tsegede (0.3594) ( Table 3) . A higher Jaccard coefficient of similarity of the herbaceous plant species was recorded in the non-invaded and lightly invaded sites within and Fig. 4 Percentage of functional groups based on the frequency of occurrence (G grass species, HL herbaceous legumes, NLHF neither grasses nor legumes) of the herbaceous vegetation under three S. obtusifolia invasion levels (NI non-invaded, LI lightly invaded, HI heavily invaded) at two locations in northern Ethiopia. Bars indicate the SE of the mean Fig. 3 Percentage of palatability of herbaceous vegetation (based on the frequency of occurrence; HP highly palatable, PL palatable, LP less palatable, UP unpalatable) under three Senna obtusifolia invasion levels (NI non-invaded, LI lightly invaded, HI heavily invaded) at Kafta Humera and Tsegede districts in northern Ethiopia. Bars indicate the SE of the mean between locations, whereas higher species dissimilarity values were recorded between the heavily invaded and non-invaded sites in both locations (Table 4) .
Soil properties
Clay was the dominant fraction of the soil in all invasion levels and both locations. Similarly, the content of silt did not vary in both locations and invasion levels. However, the percentage of sand content of Kafta Humera was higher than that of Tsegede. The lightly invaded sites in both locations had a higher sand content than the heavily invaded and non-invaded sites. The sand content was not affected (P > 0.05) by the interaction of location with invasion level (Table 5) .
The pH did not vary significantly (P > 0.05) between the invasion levels. Neither invasion level nor location had a significant (P > 0.05) effect on the TN (%) of the study regions (Table 5 ). The value of EC was significantly (P < 0.01) different between the two study locations, as Tsegede had relatively higher EC values than did Kafta Humera. The value of EC was higher in the lightly invaded and heavily invaded sites in both Table 1 ). The concentrations of soil OC, OM, exchangeable K + and Na + , and available P were not significantly (P > 0.05) affected by location, invasion level, and their interaction (Table 5) . However, exchangeable cation Mg 2+ showed significant (P < 0.05) variations between invasion levels, whereas available K, CEC, and soil pH (P < 0.05) were significantly affected by location only. Exchangeable Ca 2+ was significantly affected by location and its interaction with invasion level (P < 0.05; Table 5 ).
Discussion
Effect of S. obtusifolia (L.) invasion on herbaceous species composition and diversity
In our study, the percentages of highly palatable and palatable herbaceous species were higher in the noninvaded sites compared to those in the lightly and heavily invaded sites in both locations. Furthermore, the percentage of unpalatable herbaceous plant species was higher in the heavily invaded sites than in the noninvaded and lightly sites in both locations. On the contrary, the lightly invaded sites had a higher percentage of less palatable herbaceous plant species than did the noninvaded and heavily invaded sites in both locations. Similarly, Solomon (2015) reported high distribution of unpalatable forbs in sites heavily invaded by S. obtusifolia. In addition, the number of species and their absolute abundance of other herbaceous plant species showed a decreasing trend from the non-invaded to the lightly and heavily invaded sites in both locations. The percentages of grasses and legumes which are important feed resources to livestock in the study sites showed decreasing trends from the non-invaded sites to the lightly and heavily invaded sites, indicating the abundance of less palatable and unpalatable forbs since annual forbs are shade tolerant under the canopy of invasive species and propagated by seed production compared to perennial grasses, which are mainly dependent upon vegetative propagation. According to previous studies (Solomon et al. 2006; Tessema et al. 2012) , the seed production potential of annual forbs is high in semi-arid rangelands due to their strong adaptation and survival strategies (Veenendaal et al. 1996) , and this might lead to the availability of persistent seeds of annual forbs in the soil for further generation (Tessema et al. 2012) . The higher proportion of palatable species in the non-invaded sites and their lower proportion in the heavily invaded sites might indicate the severe competitive effect of S. obtusifolia. This finding was similar to the results of Table 3 Effects of Senna obtusifolia (L.) on species evenness (E), Shannon diversity index (H), and dominance (D) under three invasion levels (non-invaded, lightly invaded, and heavily invaded) at two locations in northern Ethiopia Solomon (2015) and Gebrehaweria (2011), who reported the dominant nature of S. obtusifolia in semi-arid rangelands. According to previous studies (Dorning and Cipollini 2006; Awodoyin and Ogunyemi 2008) , S. obtusifolia germinates early in the beginning of wet season and matures early in the mid-wet season, leading to take an advantage to compete for light, moisture, essential nutrients, and open space over other herbaceous species and consequently suppress the growth of other native herbaceous species. The lower species diversity, lower than the limit of < 1.0 according to Cavalcanti and Larrazabal (2004) in the highly invaded sites, might be caused by a higher competition effect of S. obtusifolia over native herbaceous species. Herbaceous plant species distribution or evenness decreased across invasion levels with the most uneven recorded in the heavily invaded sites in the present study, as a result of the dominant effect of the invading species. Generally, the lowest proportion of herbaceous species richness, Shannon diversity index, evenness, and individuals was recorded in the heavily invaded sites in both locations. This was in agreement with previous studies in various parts of the world (Rejmanek 1995; Weber 2003; Gebrehaweria 2011) . Moreover, the highest Jaccard similarity index values of the species composition were recorded in the non-invaded and lightly invaded sites, indicating that S. obtusifolia invasion could affect the composition and structure of herbaceous plant communities.
Effect of S. obtusifolia (L.) invasion on herbaceous biomass and basal and bare ground covers
The percentage of basal and bare ground covers, as well as biomass of other herbaceous species, had a decreasing trend from the non-invaded sites to the lightly and heavily invaded sites in the present study. According to Dorning and Cipollini (2006) and Awodoyin and Ogunyemi (2008) , the reduction in biomass and basal cover of other herbaceous plant species in the heavily invaded sites might be associated with the early germination and maturation of S. obtusifolia that might take advantage of forming a closed canopy and basal cover over native herbaceous plant species. However, the basal cover and biomass of S. obtusifolia showed an increasing trend from the non-invaded sites to the lightly and heavily invaded sites, which might also reduce the biomass and productivity of other native herbaceous species according to Lesoli et al. (2013) due to the competitive effect of S. obtusifolia for soil nutrients (Rejmanek 1995; Weber 2003) .
Effect of S. obtusifolia (L.) invasion on soil properties
Our findings showed that S. obtusifolia at different invasion levels had no effect on most of the soil properties in both locations, which is in consistence with the findings of Awodoyin and Ogunyemi (2008) . According to Parsons and Cuthbertson (2000) , even though S. obtusifolia is a leguminous plant, it had no effect on most of the soil nutrients, because it is a non-nodulating legume, which does not have nitrogenfixing bacteria associated with its root systems (Waterhouse and Norris 1987; Weber 2003) .
Conclusions
This study demonstrated that S. obtusifolia affected the composition of native herbaceous vegetation through replacing the proportion of palatable native species with unpalatable ones. Moreover, its invasion reduced the biomass and basal cover of native herbaceous vegetation. However, S. obtusifolia invasion did not affect most of the soil physical and chemical properties. This study, therefore, demonstrated that S. obtusifolia invasion in a unique north western Ethiopian rangelands utilized by a seasonal transhumant way has resulted in negative effects on herbaceous vegetation properties. The present findings contribute towards a better understanding of the mechanisms of how S. obtusifolia invasion changes the native herbaceous vegetation in ecologically important transhumance types of rangelands in the northern parts of Ethiopia. However, long-term studies are required to understand the mechanisms of how S. obtusifolia invasion affects soil properties for better control and eradication of its invasion in semi-arid rangelands. pH power of hydrogen ion (1,2.5), EC electrical conductivity (dS/cm), OC organic carbon (%), OM organic matter (%), TN total nitrogen (%), AP available phosphorus (ppm), AK available potassium (ppm), CEC cation exchange capacity (mEq/100 g), Ca calcium (cmol(+)/kg), Mg magnesium (cmol(+)/kg), K potassium (cmol(+)/kg), Na sodium (cmol(+)/kg), Sand sand (%), Silt silt (%), Clay clay (%); BD bulk density (g cm −3
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